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Abstract
We study the proximity effect between the fully-gapped region of a topological insulator in direct
contact with an s-wave superconducting electrode (STI) and the surrounding topological insulator
flake (TI) in Au/Bi1.5Sb0.5Te1.7Se1.3/Nb devices. The conductance spectra of the devices show the
presence of a large induced gap in the STI as well as the induction of superconducting correlations
in the normal part of the TI on the order of the Thouless energy. The shape of the conductance
modulation around zero-energy varies between devices and can be explained by existing theory of
s-wave-induced superconductivity in SNN’ (S is a superconductor, N a superconducting proximized
material and N’ is a normal metal) devices. All the conductance spectra show a conductance dip
at the induced gap of the STI.
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INTRODUCTION
The proximity effect between an s-wave superconductor and a three-dimensional topo-
logical insulator (3DTI) or nanowire with strong spin-orbit coupling has been predicted to
create a Majorana zero-energy mode that may serve as the building block of a topological
quantum computer [1–13]. The presence of a peak in the conductance at zero-bias has been
interpreted as experimental evidence for the existence of Majorana modes in such systems
[14–17]. It is also known from theoretical studies that a zero-bias conductance peak is ac-
companied by conductance dips at the characteristic gap energy which are typical features
of Majorana zero-energy modes [11, 18–25].
Here, we study the proximity effect between an s-wave superconductor (Nb) and a 3DTI
with dominant surface transport (Bi1.5Sb0.5Te1.7Se1.3, BSTS) in more detail. Although no
Majorana zero-energy modes are expected in these devices, it has been predicted that un-
conventional superconducting correlations should already be present [25–27] at the interface
between a topological insulator and an s-wave superconductor. We performed differential
conductance measurements on Nb/BSTS/Au devices (see Fig. 1). Here, the normal metal
reservoir (Au) was placed close to the superconductor-3DTI interface with a lateral spacing
comparable to the mean free path in BSTS, so as to obtain information about the induced
pairing in the 3DTI material.
All devices were prepared by exfoliation from a single crystal of Bi1.5Sb0.5Te1.7Se1.3, which
was found to exhibit vanishing bulk conductance in earlier experiments [28, 29].
We show that the conductance spectra of the devices show the presence of a large induced
gap in the STI as well as the induction of superconducting correlations in the normal part
of the TI on the order of the Thouless energy.
CONDUCTANCE MEASUREMENTS
Two sets of differential conductance measurements were performed with a lock-in am-
plifier using an AC excitation at 17.7 Hz of 12 nA (device 1) and 50 nA (device 2 and 3).
Device 2 and 3 were fabricated simultaneously on a single substrate with flakes that origi-
nated from the same cleavage. Device 1 was prepared separately with a flake from a different
cleavage cycle. Metal electrodes were patterned using standard electron-beam lithography
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techniques and sputter deposition. Conductance spectra of device 1 (depicted in the inset
of Fig. 1(a)) were recorded at several temperatures in the range between 250 mK and 1.5 K
(see Fig. 2(a)). Devices 2 and 3 were measured at a fixed temperature of 1.7 K (Figs. 2(b)
and (c)). Although the line shapes of individual devices look distinctly different, several
common features are readily identified: all traces display a dip in the conductance at volt-
ages comparable to the gap energy in the superconductor. This is clearly seen in device 1 at
the lowest measurement temperature where the recorded dip voltage Vd = 1.3 mV is close
to the expected gap of the Nb electrode with critical temperature Tc = 8.4 K [57] As the
measurement temperature is increased, the position of the conductance dip moves toward
lower voltage. The temperature dependence of the dip position Vd of device 1 is shown in
Fig. 3(b). Also the dip positions of devices 2 and 3 are plotted at 1.7 K. In devices 2 and 3
the dip features appear to have moved significantly below the bulk gap of niobium. However,
in device 2 a small depression remains at 1.3 mV which is seen more clearly in the derivative
of the conductance spectrum (dashed trace in Fig. 2(b)).
The presence of a second, lower characteristic energy scale is evident from the modulation
of the conductance spectra at smaller voltages. Devices 1 and 3 show a dip, whereas device 2
exhibits a zero-bias conductance peak. The widths of the features range between 400 and
800 µV and are indicated by VTH in Fig. 2(a–c). Unlike the positions of the dips in the
conductance spectra of device 1, the voltages at which the peaks appear do not show a
strong temperature dependence, as can be seen from the dark blue symbols in Fig. 3(c).
DISCUSSION
Superconducting proximity effect
Below, we will argue why the measurement data can be interpreted as a strong proximity
effect between the Nb superconducting electrode and the underlying TI, which transforms
the TI into a superconducting topological insulator (STI) with a sizeable induced gap. The
STI, then, has a lateral proximity effect with the portion of the TI flake that is not covered
by the Nb electrode (see Figs. 1b and 3a), and this gives rise to peaks at the Thouless
energy for a diffusive disordered conductor.
Theoretical studies on the influence of the superconducting proximity effect by means of
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Green’s function techniques make use of two important parameters: γ and γB, defined as
γ =
ρSξS
ρNξN
, γB =
RB
ρNξN
. (1)
The former is a measure of the strength of the proximity effect and the latter is related to the
transparency of the barrier. Here, RB is the interface resistance of the superconductor/TI
boundary, ρS,N and ξS,N are the normal resistivities and coherence length of the supercon-
ductor (S) and topological insulator (N) material, respectively. The induced gap ∆′STI due
to the proximity of Nb to the TI shown in Fig. 3(a) and (b) is determined by the values of γ
and γB at the Nb/BSTS interface. For a two-dimensional electronic system in contact with
a superconductor, γ is small because of the small ratio of the resistivities (as the topological
surface states are 2D and the Nb superconductor 3D), and an upper limit of 0.01 can be
used [30]. Due to this small value for γ the inverse proximity effect can be neglected and,
as a result, the gap size of Nb is unaffected and decoupled from the STI below [31–35]. The
temperature dependence of the Nb gap expected from BCS theory is shown as a black, solid
line in Fig. 3(b). However, the observed dip feature in device 1 (red circles) decreases faster
as function of temperature. We attribute this feature to the induced gap ∆′STI . In Ref. [34],
for example, it is shown that the induced gap (dashed curve in Fig. 3(b)) decreases faster
as function of temperature compared to BCS theory (solid curve in Fig. 3(b)) although it
has the same critical. At low temperatures (device 1), the dip feature reaches 1.3 mV which
is close to the Nb gap. This indicates that the interface between the Nb and BSTS has
high transparency. The energy corresponding to the dip features in devices 2 and 3 are also
plotted in Fig. 3(b), and these can be seen to be lower in energy than the dip feature of
device 1, which is most probably due to a less transparent interface for devices 2 and 3.
As mentioned above, besides this perpendicular proximity effect, there also exists a lateral
proximity effect between the STI and the uncovered portion of the topological insulator
(shown in blue and labelled TI (BSTS) in Fig. 3(a)) [31–35]. In both the ballistic and the
diffusive limit the characteristic energy scale associated with the induced superconductivity
is related to the dwell time in the junction and is known as the Thouless energy (data-points
shown in Fig. 3(c)). For the ballistic limit it is given by E = ~vf/L where vf is the Fermi
velocity in the normal metal and L the system size. In the diffusive limit it is defined as
~D/L2 where D is the diffusion constant [36–38]. The expression for the ballistic limit gives
a value of 2.2 meV whereas we obtain for the diffusive limit an energy value between 0.15
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and 0.6 meV. We used a Fermi velocity of 4.5·105 m/s [39], which is in keeping with ARPES
data recorded from the same batch of BSTS single crystals as used to make the flakes used
in this study [40], a mean free path between 10 and 40 nm [28] and a junction dimension of
100 nm. The value for the ballistic limit exceeds the energy associated with the gap of Nb
so that no features due to ballistic transport are expected below the energy gap. However,
the diffusive Thouless energy corresponds very well to the energy scale VTH . This suggests
that mainly diffusive transport contributes to the measured conductance spectra and that
the observed features can be interpreted as signatures of laterally induced superconductivity
in BSTS. To conclude, we see that ∆′STI and the induced superconducting correlations in
the normal TI part of the BSTS flake show similar behaviour in all three devices.
The shape of the conductance spectra
We interpreted the modulation of the conductance near zero energy as a signature of
induced superconductivity in the normal TI part of the BSTS flake. The common energy
scale associated with the features is at the order of the Thouless energy. Despite the similar
energy scale, comparison of Figs. 2a, 2b and 2c shows the shape of the dI/dV curves around
zero energy look quite different from each other. In device 1 we see a clear conductance dip,
device 2 exhibits a conductance peak and device 3 a broad conductance peak with a small
conductance dip modulation on top. The appearance of conductance peaks and dips at the
order of the Thouless energy is extensively studied in Refs. [37, 41], and it was shown that
for a Thouless energy smaller than the gap value, both conductance peaks and dips near
zero-bias can be observed, depending on the ratio of the barrier strengths and the ratio
of each barrier to the resistance of the normal part. We could not determine the contact
resistance of the electrodes due to the inhomogeneity of the BSTS (see Supplementary
Information). However, from the relative magnitude of the conductance modulation near
zero voltage we extract that the barriers and the resistance of the normal part are of the
same order of magnitude [37]. The combination of a resistance ratio of order unity and a
small Thouless energy results a high sensitivity to small variations in the resistance ratios
[41] in terms of whether a peak or a dip around zero voltage is seen in the conductance.
Therefore, even when the devices are fabricated using the same procedure, a small variation
in the barrier resistance, something that naturally occurs in the growth procedure, can
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result in the observed differences in the conductance traces around zero voltage [42]. The
existence of both zero conductance peaks and dips has also observed experimentally in
semiconductor/superconductor [42, 43], graphene/superconductor [44] and in topological
insulator/superconductor devices [45, 46].
The conductance dip at ∆′STI is reproduced in all three devices. There is an additional
small conductance dip at the Nb gap (1.3 meV) in device 2 which is more clear in the deriva-
tive of the conductance spectrum. We speculate that this feature at the Nb gap energy in
device 2 is due to direct proximity between the uncovered TI part and the Nb superconduc-
tor. Normally a strong coherent peak is expected at the (induced) gap energy resulting in
a conductance peak instead of a dip. We will discuss the origin of this conductance dip in
the remaining part of this section.
A scenario which results in a conductance dip near the gap energy is the presence of
charge imbalance but we rule that out due to the absence of a resistance peak at Tc in the
RT measurement [47–50].
It is known that the proximity effect can change the local density of states (LDOS) in
the normal layer drastically. In Refs. [36, 51–56] it is shown theoretically that a suppression
of the LDOS is possible. In Ref. [56] this phenomenon is explained by the properties of
the contacts and the existence of Andreev bound states at energies just below the gap
energy. These Andreev bound states are related to the tunneling character of the contacts,
i.e. contacts with a transmission close to zero. If the contacts have a significantly higher
transparency, the contribution of these bound states to the total measured conductance
decreases, resulting in a suppression of the LDOS. A small γ can enhance this feature as
shown in Ref. [54] and in the Supplementary Information.
It is an open question whether the dips can be explained by s-wave theory or whether a
combination of s and p-wave correlations is needed. From previous research it is known that
in the time-reversal symmetric case, an equal admixture of s and p-wave correlations exist
at the surface [25–27]. It has also been shown by Tkachov and Hankiewicz [26, 27] that
the p-wave correlations decay faster as function of distance than the s-wave correlations.
Because the mean free path in our samples is of the same order as the electrode spacing,
we believe we are in the right regime to observe p-wave correlations if they exist in our
devices. Existing s-wave theory on diffusive SNN’ devices can be very well applied to
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the modulation of the conductance in our devices around zero-bias. The presence of a
conductance dip at the induced gap, is - however - less trivial to explain. We excluded
charge imbalance as a cause of the conductance dips. We know that conductance dips at the
induced gap is one of the signatures of p-wave correlations. The discussed s-wave models
in the Supplementary and in Refs. [36, 51–56] make use of Kupriyanov-Lukichev boundary
conditions. A small total resistance implies automatically, therefore, that the interface is
highly transparent. In the case of a transparent interface, the suppression of the LDOS
near the NN’ interface is not observable in the conductance as the contribution of this
interface to the total conductance can be neglected (see Eqs. (15) and (14) in Refs. [37, 41]
respectively). Moreover, in the simulations in Ref. [56] a hard wall condition is assumed at
the NN’ interface (which in this case is the TI/Au interface), which is not applicable to our
devices due to the large contact area involved. In the context of the data presented here, a
new model is needed for an SNN’ device, that enables the elucidation of the regime in which
the NN’ interface can have intermediate transparency values and p-wave correlations can
exist in the N-layer. As a starting point, the model in Ref. [41] could be extended to use
circuit theory boundary conditions at the NN’ interface. From this model we can extract
under which conditions the conductance dips still exist when we move slowly away from
hard wall conditions and hence investigate if such a feature can still be present when the
barrier resistance is small but with finite transmission or that it is present when a specific
percentage of p-wave correlations is taken into account in the N-layer.
METHODS
All devices were based on material from a single crystal of BSTS. BSTS crystals were
grown using the Bridgman method as described briefly in Refs. [28, 29]. Flakes were trans-
ferred from a BSTS crystal to a Si/SiO2 substrate by means of mechanical exfoliation.
Device 2 and 3 were fabricated simultaneously on a single substrate with flakes that origi-
nated from the same cleavage. Device 1 was prepared separately with a flake from a different
exfoliation cycle. By means of e-beam lithography (EBL), the Au electrode geometry is de-
fined on the flake. A low voltage 15 s etching step is carried out to avoid significant damage
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of the surface, followed by sputtering deposition in-situ of a 3 nm Ti adhesion layer and a
60 nm Au contact layer. Next, a second EBL step is performed to define the Nb part of
the device. After the EBL step, the structure is etched for 15 s at low voltage, followed
by in-situ sputtering of 80 nm Nb. BSTS has a small mean free path of 10–40 nm, so the
EBL step was optimised to allow inter-electrode spacings of only 50 nm, so as to ensure
full proximisation of the BSTS by the superconductor [28]. The width of the electrodes
is about 300 nm (see Fig. 1a). To avoid damage to the material by physical or chemical
etching, we omitted shaping the 3D-TI flakes. Therefore, a small contribution to the device
conductances results from current spreading laterally on the surface of the flake. Based on
the device dimensions, we estimate this contribution to be ∼ 10% for devices 2 and 3 and
∼ 20% for device 1. We estimated the total resistance of the surrounding BSTS and the
resistance of the BSTS between the electrodes by determining the width and length ratio,
and applying a parallel resistor model assuming a constant resistivity.
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FIG. 1: (a) A schematic plan view of the device and SEM image of the small area indicated in the
schematic, recorded for a typical Au/Bi1.5Sb0.5Te1.7Se1.3/Nb trilayer. For clarity, the BSTS flake
itself is not shown in the schematic view. Two contacts (left in the sketch) are used for applying
a current. The other two contacts (right in the sketch) are used to measure the voltage across
the trilayer. The spacing between the Au and Nb leads is 50 nm and the width of the contacts is
around 300 nm. (b) Sketch of the side view of the device. The BSTS flakes used had a thickness
of about 80 nm.
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FIG. 2: Measurements of Au/Bi1.5Sb0.5Te1.7Se1.3/Nb devices. (a) Measurements of the conduc-
tance of device 1 at different temperatures (for T < 1.5 K, offset in steps of 0.1·10−3Ω for clarity).
A clear dip is seen in the conductance at energies corresponding to the induced superconducting
gap, labelled Vd. At higher temperatures, Vd decreases slightly, as indicated by the black dashed
lines. The feature at zero energy becomes less pronounced at higher temperature, consistent with
the behaviour of the proximity effect for normal s-wave superconductivity, and is related to a char-
acteristic Thouless energy scale, marked as VTH , which is plotted in Fig. 3(b). The conductance
dips occurring below the gap value of the Nb are reproduced in all three devices. (b) The black
symbols show the conductance and blue dot-dashed line shows the derivative of the conductance as
function of voltage for device 2. These data show a pronounced dip at a little above |V | values of
0.75 and a smaller conductance dip present at ±1.3 meV. Around zero voltage for device 2 a con-
ductance peak is observed, again related to VTH . (c) In device 3, a conductance peak around zero
voltage is observed, with a small conductance dip modulation on top. (d) An R vs. T measurement
of device 1, showing the determination of the Tc of 8.4 K.
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FIG. 3: (a) Schematic of the two proximity-based phenomena in Au/Bi1.5Sb0.5Te1.7Se1.3/Nb de-
vices. The Nb induces a superconducting gap into the topological surface states (TSS) of the
topological insulator directly underneath via a strong proximity effect. This creates a supercon-
ducting TI (STI, indicated in red), which in turn induces superconducting correlations laterally
into the uncovered part of the TI flake (indicated in blue). (b) The Nb s-wave BCS supercon-
ducting gap (black, solid line) and the induced gap ∆′STI in the TSS as a function of temperature.
Data for all three devices reported are shown, and the red dashed line serves as a guide to eye. (c)
The temperature dependence of the induced gap ∆′STI is contrasted to the relative insensitivity to
temperature of the energy scale of the laterally-induced Thouless proximity feature in the TI. The
dashed-blue line serves as a guide to the eye.
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Contact resistance
To determine the contribution of the contact resistance between BSTS and the electrodes,
we prepared Au/BSTS/Au devices using the same growth parameters as described under
“methods” in the manuscript with channel lengths between 2 µm and 4 µm and a width of
2 µm. The channels are prepared on the same flake that is shaped into different channel
lengths by means of Ar ion milling. In this way we also avoid ambiguity in the measured
voltage drop [1]. Due to the larger areas of the channels compared to the Au/BSTS/Nb
devices used for the data in the main body of the paper, we expect that the additional Ar
ion milling step has insignificant influence on the total resistance. The contact area between
the electrode and the BSTS is 1 µm2. Thereafter, we performed a two point measurement
of the resistance as function of temperature for the various channels in a Physical Property
Measurement System (PPMS).
In Fig. S1(a) a microscope image is shown of such a device to determine the contact
resistance between Au and BSTS. Fig. S1(b) shows data obtained from this device. We
see that above 200 K the resistance as function of the channel length is linear, as expected.
However, for 200 K and lower, the data points start to deviate from the linear behaviour.
To exclude that a difference in thickness of the different channels is the origin of the
resistance behaviour as function of temperature, we measured the thickness of the various
parts using an atomic force microscope (AFM). The average thickness was 112 nm with a
deviation of only 4 nm, which is too small to explain the large difference in resistance among
the channels.
Instead, the deviation can be understood in terms of the intrinsic inhomogeneity of BSTS
due to the high degree of alloying in the system. We fitted the R vs.T curves of the different
channels with ∼ e−Eg/kBT where Eg is the distance of the Fermi level to the conduction
band. For the channels of 1.5, 2.5 and 3.5 µm (channel 1, 2 and 3 respectively) we obtained
for Eg 1.35 meV, 0.85 meV and 1.20 meV, respectively. In a semiconductor picture this
means that for lower temperatures more carriers are present per unit area for channel 2,
followed by channel 3 and then channel 1. Considering Fig. S1(b) again, this picture is
consistent with the resistance distribution over the three channels. This implies then that
the difference in carrier densities in the three channels is due to differences in Eg, which -
although modest - are sufficient to dominate over the dependency on the channel length at
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low T . The modest variation in the position of impurity states able to be thermally excited
for transport is probably not unexpected in such a heavily alloyed system as BSTS.
Although this interpretation is consistent with the data, it does not exclude the possibility
that the origin of the deviation of the data from a linear behaviour is due to a difference in
contact resistance between the Au electrodes and the BSTS. In that case, the contacts can
also behave differently as a function of temperature which will lead to scatter in the data as
a function of channel length.
In both cases, the contribution of the contact resistances to the conductance measure-
ments remains unknown. Therefore, the contact resistance is treated as an additional pa-
rameter in the interpretation of the data.
Suppression of LDOS
In Fig. S2(a) simulations of the LDOS at the NN’ interface of an SNN’ device are
presented. The corresponding device is depicted in Fig. S2(c). For this purpose, we used
the numerical code from Ref. [2]. We simulated the trilayer model for γ1 = 0.01 and
different barriers. γ1 and γ2 are related to the ratio of the normal state resistivity of the
superconductor and the resistivity of the N layer and to the ratio of the resistivity of the
N and N’ layer, respectively (see Fig. 3a of the main text). γB1 and γ
∗
B2 are related to
the barrier strength at the SN interface and NN’ interface respectively. We see that for
a lower value of γB1, i.e. higher transparency of the Nb/BSTS interface, the suppression
of the LDOS increases. The barrier at the Au/BSTS interface or γ∗B2 is less relevant. A
decrease in γ2 means a smaller resistivity of the N layer compared to the N’ layer, resulting in
an increased proximity effect and therefore a larger induced gap. This enhancement implies
that there is a stronger coupling to the superconductor and therefore a decrease in tunneling
character of the Nb/BSTS barrier. Therefore we also see next to the larger induced gap a
larger suppression at the gap energy (compare, for example, the solid and the dashed traces
in Fig. S2(a)).
Figure S2(b) shows the spectral transmission coefficient, T (E), of the total device around
the gap energy calculated by the same methods as in Ref.[3]. Although a clear suppression
is visible in the LDOS at the NN’ interface, the suppression does not appear in the total
spectral transmission of the device. At zero temperature the differential conductance is σ(V )
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(a) (b)
FIG. S1: (a) Micrograph of a device to determine the contact resistance between Au and
Bi1.5Sb0.5Te1.7Se1.3. The contact area is 1 µm
2. The smallest channel length is 1.5 µm. The
largest is 4.5 µm in this picture. Around the leads the original shape of the flake can still be
recognized by the colour difference between the middle area of the picture and the surroundings.
(b) The resistance of the different channels from 300 to 50 K, measured for T steps of 50 K.
is equal to T (V ).
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FIG. S2: (a) Simulations of an SNN’ device where N has a spatial extent 3 times the
superconducting coherence length. For lower barrier height the suppression of the LDOS at the
NN’ interface become larger. (b) Spectral transmission coefficient of the same schematic device.
The suppression of the LDOS at the NN’ interface is not visible in the total transmission
coefficient. (c) Schematic of the simulated device. The numbers 1 and 2 indicate the interfaces.
The N’ layer in the model has a spatial extent of order of the coherence length.
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